Uses of Thermodynamic Data in Repository Studies
Thermodynamic data are essential for understanding and evaluating geochemical processes, as by speciation-solubility calculations, reaction-path modeling, or reactive transport simulation. These data are required to evaluate both equilibrium states and the kinetic approach to such states (via the affinity term or its equivalent in commonly used rate laws). These types of calculations and the data needed to carry them out are a central feature of geochemistry in many applications, including water-rock interactions in natural systems at low and high temperatures. Such calculations are also made in engineering studies, for example studies of interactions involving man-made materials such as metal alloys and concrete. They are used in a fairly broad spectrum of repository studies where interactions take place among water, rock, and man-made materials (e.g., usage on YMP and WIPP). Waste form degradation, engineered barrier system performance, and near-field and far-field transport typically incorporate some level of thermodynamic modeling, requiring the relevant supporting data.
Typical applications of thermodynamic modeling involve calculations of aqueous speciation (which is of great importance in the case of most radionuclides), solubilities of minerals and related solids, solubilities of gases, and stability relations among the various possible phases that might be present in a chemical system at a given temperature and pressure. If a phase can have a variable chemical composition, then a common calculational task is to determine that composition. Thermodynamic modeling also encompasses ion exchange and surface complexation processes. Any and all of these processes may be important in a geochemical process or reactive transport calculation.
Such calculations are generally carried out using computer codes. For geochemical modeling calculations, codes such as EQ3/6 and PHREEQC, are commonly used. These codes typically provide "full service" geochemistry, meaning that they use a large body of thermodynamic data, generally from a supporting database file, to sort out the various important reactions from a wide spectrum of possibilities, given specified inputs. Usually codes of this kind are used to construct models of initial aqueous solutions that represent initial conditions for some process, although sometimes these calculations also represent a desired end point. Such a calculation might be used to determine the major chemical species of a dissolved component, the solubility of a mineral or mineral-like solid, or to quantify deviation from equilibrium in the form of saturation indices. Reactive transport codes such as TOUGHREACT and NUFT generally require the user to determine which chemical species and reactions are important, and to provide the requisite set of information including thermodynamic data in an input file. Usually this information is abstracted from the output of a geochemical modeling code and its supporting thermodynamic data file.
The Yucca Mountain Project (YMP) developed two qualified thermodynamic databases to model geochemical processes, including ones involving repository components such as spent fuel. The first of the two (BSC, 2007a) was for systems containing dilute aqueous solutions only, the other (BSC, 2007b) for systems involving concentrated aqueous solutions and incorporating a model for such based on Pitzer's (1991) equations. A 25°C-only database with similarities to the latter was also developed for the Waste Isolation Pilot Plant (WIPP, cf. Xiong, 2005) . The NAGRA/PSI database (Hummel et al., 2002) was developed to support repository studies in Europe. The YMP databases are often used in non-repository studies, including studies of geothermal systems (e.g., Wolery and Carroll, 2010) and CO 2 sequestration (e.g., Aines et al., 2011) .
Types of Thermodynamic Data
Thermodynamic data generally appear in one of two forms: standard state Gibbs energies for chemical species or equilibrium constants for reactions. If one has all the necessary standard state Gibbs energies for the chemical species, one can readily calculate the equilibrium constants for an appropriate (independent) set of reactions involving these species.. The reverse is also true, and in some instances Gibbs energies are obtained from solubility data, which equates to measurement of an equilibrium constant. In other instances, Gibbs energies are obtained by calorimetric measurements, which give standard enthalpies and standard entropies, as well as heat capacities. Gibbs energies of mineral species are also sometimes derived using phase equilibrium data (cf. Helgeson et al., 1978) .
Operationally, most database development starts with standard state Gibbs energies of individual chemical species. Generally values are obtained for conditions of 25°C and 1 bar pressure. Temperature dependence is dealt with by obtaining values for additional thermodynamic parameters, usually the standard state entropy at 25°C and 1 bar pressure and three or four coefficients describing the standard state heat capacity at 1 bar. The pressure dependence to low order requires the standard state molar volume at 25°C and 1 bar (for more accurate work, thermal expansibilities and compressiblilities are needed). In some instances, temperature and/or pressure dependence is dealt with using equation of state (EOS) models, which have their own sets of parameters. Once one has the standard state Gibbs energies of all the relevant species at any temperature and pressure of interest, one can calculate equilibrium constants for appropriate reactions (usually in log K format) at the same temperature and pressure. For an explanation of the methodologies used in such calculations, see Helgeson et al. (1978) and Johnson et al. (1992) .
In general, the Gibbs energy of a species at 25°C and 1 bar pressure is technically the Gibbs energy of formation from the chemical elements in their standard reference forms. For other temperatures and pressures, the Gibbs energy is usually dealt with as the apparent Gibbs energy of formation at the specified temperature and pressure (cf. Helgeson et al., 1978) . Most recent tabulations of Gibbs energies of species as a function of temperature and/or pressure use this formalism (e.g., Barin and Platzki, 1995) . Some older literature follows other conventions. Also, in some older literature, there may be issues with the appropriate thermodynamic properties of the chemical elements in their standard reference forms (the reference forms of certain elements may be different).
For solution phases, including aqueous solutions, standard state thermodynamic data are not enough. Thermodynamic models also require data needed to calculate thermodynamic activity coefficients. In the case of dilute aqueous solutions, the familiar Debye-Hückel equation (with some empirical extension) may suffice. Because this model depends on the ionic strength of the solution (in addition to two Debye-Hückel parameters and possibly a third empirical parameter), calculations of activity coefficients are sometimes called "ionic strength corrections." However, this is misleading, as the dependence on aqueous solution composition is in reality more complex. A more sophisticated model for aqueous solutions is represented by Pitzer's equations (cf. Pitzer, 1991) , which contains additional dependency on specific interactions represented by terms containing interaction coefficients. These coefficients represent an additional type of thermodynamic data. Other types of activity coefficient or "solution models" exist for aqueous solutions, solid solutions, and gas mixtures. Equation of state (EOS) models for chemical mixtures incorporate aspects of both standard state thermodynamic data and activity coefficient data.
Issues with Thermodynamic Data
Experimentally, thermodynamic data can be obtained by various means. The most common methods are based on calorimetry, solubility, and phase equilibrium (which technically encompasses solubility). The actual calculation of the data from the direct experimental data may require various corrections, including model-dependent corrections and extrapolations. Original measurements may be re-interpreted to yield somewhat different results, and re-evaluations of older data are not uncommon in the literature. In some instances, thermodynamic data are specific to a given model (e.g., interaction coefficients for Pitzer's equations). Sometimes thermodynamic data are estimated from correlation relations (cf. Helgeson et al., 1978; Tardy and Garrels, 1974) when experimental data are lacking or experimental results are complicated by an inability to separate out various controlling factors.
There is always some uncertainty associated with thermodynamic data, regardless of how the data are obtained. In general, estimated uncertainties are not carried in thermodynamic data files intended to support thermodynamic calculations. In part, this is because uncertainties are not always provided by the sources and because when they are provided, they may not result from application of a consistent methodology. However, a larger factor is that it is difficult to carry uncertainties through complex calculations because the input uncertainties would often be correlated. It is nevertheless important to have some notion as to the magnitude of uncertainties in the data at whatever level this is practicable.
A larger issue in the treatment of thermodynamic data is that of consistency. For example, to develop a consistent set of Gibbs energies of formation for various species, it is necessary to have a consistent set of reference forms for the chemical elements. In general, consistency problems arise when either data are combined which depend on other data for which inconsistent values were used or when a correction is made to some data, but other data whose values depend on those data are not corrected. For example, in the development of the YMP dilute systems database, different values were found to be extant for the standard Gibbs energy of formation of the key aqueous phosphate species (cf. Rard and Wolery, 2007) . For the sake of consistency, one set of key values had to be chosen. Then all values depending on these key data needed to be made consistent with the chosen set of key values. Another example discussed in BSC (2007a) concerned the appropriate Gibbs energy for the key species SiO 2(aq) .
In building a thermodynamic database, it is easy to introduce inconsistencies, because one may not know how certain adopted data were obtained by the sources. There is a particular problem with older tabulations of thermodynamic data (e.g., Wagman et al., 1982) that simply give "recommended data" without identifying the actual sources, let alone the logic leading to the "recommendations."
Sources of Thermodynamic Data
The development of thermodynamic databases has a long history in geochemistry (e.g., Garrels and Christ, 1965; Helgeson et al., 1969; Helgeson et al., 1978 , Johnson et al., 1992 Robie and Hemingway, 1995) , paralleled by related and applicable work in the larger scientific community (e.g., Wagman et al., 1982 Wagman et al., , 1989 Cox et al., 1989; Barin and Platzki, 1995; Binneweis and Milke, 1999) . Unfortunately, the National Bureau of Standards (now the National Institutes of Science and Technology) no longer generally addresses thermodynamic data pertaining to aqueous, mineral, and gas species, its last word being the compilation of Wagman et al. (1982) and the errata published in 1989. IUPAC, whose efforts in this area were generally limited to data pertaining to key species only (a small subset), has not done much in this area since the publication of the Cox et al. (1989) report. The standards organizations have been basically inactive regarding thermodynamic data of interest to geochemical and repository studies for over twenty years. For radionuclide elements, much of this void has been filled by the European Nuclear Energy Agency (NEA), which has sponsored a series of review volumes (e.g., Grenthe et al., 1992 The YMP dilute systems database is widely used in the geochemistry community for a variety of applications involving rock/water interactions. It builds on the work of Prof. Helgeson and his students (see BSC, 2007a for many applicable references), and covers a significant range of temperature (25-300°C). The last version (data0.ymp.R5) covers 86 chemical elements, 1219 aqueous species, 1156 minerals and other solids species, and 128 gas species, detailed in Appendix A. Many data for actinide species have been adopted from the Nuclear Energy Agency (NEA) series of volumes on actinide thermodynamics (see references given in BSC, 2007a), and the appropriate temperature extrapolations have been applied. The YMP concentrated systems database (data0.ypf.R2) covers a smaller chemical system (40 chemical elements, 237 aqueous species, 470 minerals and other solids, and 11 gas species), detailed in Appendix B. It includes temperature dependence, which for many species extends to 200°C, but for others extends to 250°C, to 110°C, or is restricted to 25°C. It is based on many sources (see BSC, 2007b) , but draws in particular from the work of Pabalan and Pitzer (1987) and Greenberg and Møller (1989) . In addition to their other characteristics, these databases have a regulatory cachet as qualified products of YMP and have already undergone peer-review and QA review.
Data Gaps
The purpose of the present task is to improve these databases for use in the Used Fuel Disposition Campaign and maintain some semblance of order that will support qualification in support of the development of future underground high-level nuclear waste disposal. The work is presently supported by THCM, EBS, and Natural Systems, with the THCM support being incorporated into the EBS work package for FY12. The YMP design was based on disposal in volcanic tuff, in a thick vadose zone in which oxidizing conditions were expected to prevail. A 50-year period of tunnel ventilation was planned to limit maximum temperature. Concentrated solutions were not originally expected at Yucca Mountain. Later concerns about dust deliquescence and evaporative concentration led to the development of the YMP concentrated solutions thermodynamic database (see BSC, 2007b) . The YMP design scenario was very different from those for planned repositories in other countries, which envision disposal below the water table (generally under reducing conditions) in clay, salt, granite or other hard rock, usually incorporating relatively low maximum temperature in the designs. The Used Fuel Disposition program is investigating potential disposal in mined repositories in these three rock types, plus a deep borehole option (which appears to imply in granite or other hard rock). The UFD may consider higher maximum temperatures than are presently being considered in other countries, although at present it is focusing on similar design options.
Although the YMP thermodynamic databases incorporated many data of value to generic geochemistry applications, in some areas development was limited owing to the expected generally oxidizing conditions and limited maximum temperatures associated with the YMP design scenario. Consequently, these databases need some additional development to adequately address the different design scenarios being addressed by the Used Fuel Disposition program. There is a need to address a somewhat wider range of mineralogy because of the different rock types. There is a need to fill some gaps arising due to the expectation of reducing instead of oxidizing conditions. There is also a need to address some other things that were not addressed because they were not relevant to the YMP design scenario. Finally, in any effort using thermodynamic data, there is the ever-present factor of flaws being discovered in existing data, and the potential impact of new data reported elsewhere. Errors (and the suspicion of errors) generally come to light in the application of the data.
The following areas are now of concern for thermodynamic database development under UFD:
• Data (and mixing models) for complex clays, including illites and smectites, and certain related sheet silicates (being addressed during FY11-12 in THCM/EBS work packages). Clay minerals play various roles in the geologic disposal of nuclear waste (for an overview of clays from the perspective of the UFD Natural Systems department, see Chapter 4 of Natural System Evaluation and Tool Development -FY11 Progress Report: Wang et al., 2011) . Clay minerals are nearly ubiquitous at some level in nearly all rock types, ranging from minor alteration components in igneous rocks to major components in sedimentary rocks, notably shales and claystones. Clays may be used as components (often with modification) in an engineered repository, usually in an attempt to limit the access of water to waste containers and/or waste forms. Clays may form (or transform, potentially to other minerals) in a repository, in response to water circulation and the thermal field that decaying waste may generate. • Data for certain zeolites, particularly ones for which the data do not trace to Helgeson et al. (1978) . Geothermal systems modeling (Wolery and Carroll, 2010) suggested that the data in question here may not be consistent with proper stable mineral assemblages in the geologic systems of interest. • Data that continue to come out of the NEA review program (or which have come out but were not incorporated into the YMP databases. • Other new data from other sources not previously incorporated into the database (e.g., the Fe 2+ and Fe 3+ data recommended by Parker and Khodakovskii, 1995, which are likely to be adopted by the NEA). • Additional data for sulfide minerals (which may be very important in UFD disposal systems but were not important to YMP). The mineral pyrite (nominal composition FeS 2 ) allows many chemical substitutions and could be a sink for some important radionuclides. • Isolated errors discovered since the termination of the YMP (example: the Gibbs energy and related calorimetric data for NaHCO 3 (c) in the YMP concentrated systems database were found to be inaccurate in the course of a CO 2 air capture project). • Data for ion exchange and surface complexation processes. For surface complexation, one or more specific models need to be chosen (a fair number are extant).
The last YMP dilute systems thermodynamic database (data0.ymp.R5) contains data derived by such means for some clay compositions shown below in Table 1 . A detailed description of the methods and derivation of the corresponding thermodynamic data is given in the Analysis/Model Report ANL-WIS-GS-000003 Rev. 1 (BSC, 2007a) . The development follows that of Tardy and Garrels (1974) , except that the more recent work includes updated values for the Gibbs energy data used to regress the values for the silicate oxides and also (in the case of subsequent calculation of equilibrium constants) updated values for the Gibbs energies of the relevant aqueous species. Data were obtained for idealized clays with implicitly fully-hydrated smectite end-members, including five beidellites, five saponites, five montmorillonites and five nontronites, These data were intended to be used in solid solution models in modeling software. Data were also obtained by the same process for an illite and three celadonites, and some chlorite and chlorite-related sheet silicates, which will not be noted here.
The Tardy and Garrels (1974) approach does not account for the water of hydration present in the smectite interlayer. In reality, a sodium beidellite for example would have a formula represented by Na 0.33 Al 2 Al 0.33 Si 3.67 O 10 (OH) 2 .nH 2 O, where n might potentially be as high as7.
However, a key point is that the amount of interlayer water is variable, depending on temperature, pressure, water activity (or pressure), and which cations are in the interlayer. We are looking at models for variable hydration that can be combined with the Tardy-Garrels approach to achieve more accurate models and data for the smectites. Interesting approaches are suggested by Ransom and Helgeson (1993 , 1994ab, 1995 , Tardy and Duplay 1992 , Viellard (1994ab, 2000 , Vidal and Dubacq (2011), and others. Note: The data shown here were derived in the YMP work described in BSC (2007a), except that the results for montmorillonites and nontronites that were originally obtained by oxide summation are here updated to correspond to the reference reactions shown here.
We intend to improve the existing data/models for complex clays by:
• Explicitly accounting for water in the exchange layers of smectites and vermiculites • Accounting for a broader spectrum of physical measurements (e.g., basal spacing studies of clay dehydration, swelling pressure data, ion exchange data over a wide range of temperature) • Including insights from molecular dynamics (MD) modeling regarding dehydration
Data Management Requirements
The types of thermodynamic data have been discussed previously. We are planning to continue the methods and formats used previously for YMP. For the product data files, we will follow the general EQ3/6 format. This consists of a human-readable text file on which log K data are given on a temperature grid. Underlying this will be a SUPCRT92 data file, which is also humanreadable, and various types of Excel files that include standard methods for processing thermodynamic data into the desired log K grid form. One of the functions of the Excel files is to carry out the extrapolation of Gibbs energies to higher temperatures and pressures, and to compute the equilibrium constant values for the chosen chemical reactions. Another tool worth noting is the EQPT code from the EQ3/6 package, which is a database file preprocessor that runs many error checks. Basically, all the necessary data management tools run on a Windows PC, although most or all of them can be ported to other operating systems.
An EQ3/6 data file contains the following main elements: a title (descriptive text), a chemical elements block containing elemental symbols and atomic weights, a "superblock" of blocks for aqueous species, a superblock for pure mineral species, a superblock for gas species, a superblock for solid solutions, and a block or superblock of parameters for calculating the activity coefficients of aqueous species. Here a "superblock" is a sequence of data-blocks. An EQ3/6 data-block for an aqueous complex species is illustrated by the following one for NpO 2 (OH) 2 -(from the data file data0.ymp.R5): 
The information includes the species name, the electrical charge number, the chemical composition, the associated chemical reaction, the log K grid for that reaction, and information concerning the provenance of the data. A data-block for a mineral species is very similar, but includes a molar volume (V0PrTr) instead of an electrical charge number. The following example is also from data0.ymp.R5. 
A data-block for a gas species is very similar. For Pitzer interaction coefficients, a data-block exists for each species pair or triplet. The following example is the data-block for the Na + -Clpair from data0.ypf.R2.
Clalpha(1) = 2.0 alpha(2) = 12.0 beta(0): a1 = 7.45618073E-02 a2 = -4.70789056E+02 a3 = -1.85114134E+00 a4 = 1.65564633E-03 beta(1): a1 = 2.75240690E-01 a2 = -5.21117635E+02 a3 = -2.88035999E+00 a4 = 4.71462791E-03 beta(2): a1 = 0 a2 = 0 a3 = 0 a4 = 0 Cphi: a1 = 1.53693372E-03 a2 = 4.80725476E+01 a3 = 1.74679979E-01 a4 = -1.56268596E-04 * Source: refit of 89Gre/Mol [FitPitzerNC_MX_NaCl.xls]
Presently the EQ3/6 format does not include data-blocks for surface complexation model species, but ones analogous to those for aqueous or pure mineral species will be included for future UFD use. The same is true for ion exchange species.
We note that a conversion program was written on YMP to convert data0.ymp.R5 from EQ3/6 to PHREEQC format, and that some other conversion programs may exist or can be written. Thus, it should be possible to provide the data developed under UFD for use in other codes.
For YMP, the thermodynamic databases were documented under the Analysis/Model Report system and kept for download on the Technical Data Management system (TDMS). Generally, for each version of a data file, two data packages ("DTNs") were prepared, one containing the data file itself, the other containing materials used to construct it (usually SUPCRT92 runs and Excel spreadsheets). In terms of download capability for UFD, we envision something similar using the Sandia Sharepoint system or some other system to be developed.
Because of the general applicability of these databases in geochemistry and allied fields, it would be highly desirable to make them downloadable to the public on a web page. The advantage of this is that it would allow researchers working in areas like geothermal, underground carbon sequestration, and environmental management to exercise the data and provide useful feedback. 
Appendix A: Minerals and Species Included in the Dilute Systems Database
SiO2 ( Aqueous species in data0.ymp.R5 (cont. )
Pu(CO3)5------Am(CO3)5(6-) PuO2++ (PuO2)3(CO3)6(6-) AmO2(CO3)3----Rh++ (UO2)11(CO3)6(OH)12--Am(OH)2+ Ru(OH)2++ (UO2)2(OH)2++ Am(OH)3(aq) Ru++ (UO2)2(PuO2)(CO3)6(6-) Am(SO4)2- Aqueous species in data0.ymp.R5 (cont. )
CdO2--CrBr++ CaHPO4(aq) CdOH+ CrCl++ 
Fe(OH)3-GdNO3++ Er(CO3)2-Fe(OH)4--GdOH++ Er(HPO4)2-Fe(SO4)2-GdPO4(aq) Mn(NO3)2(aq)
NaBr(aq) NiO2--LuCl++ NaCO3-NiOH+ LuF++ NaCl(aq) NiP2O7--LuH2PO4++ NaF(aq) NiSeO4(aq) LuHCO3++
NaHCO3(aq) Np(CO3)3---LuHPO4+
NaHP2O7--Np(CO3)4----LuNO3++
NaHSiO3(aq) Np(CO3)5(6-) LuOH++ NaI(aq) Np(OH)4(aq) LuPO4(aq) NaOH(aq) Np(SO4)2(aq) LuSO4+
NaP2O7---
Nd(SO4)2-NpO2(CO3)2-- 
PuO2(OH)2(aq) Ru 
Gases
Ag(g) HCl(g) SO2(g) UCl3(g) Al(g) HF(g) Si(g) UCl4(g) Am(g) HI(g) SiF4(g) UCl5(g) AmF3(g) HNO3(g) Sn(g) UCl6(g) Argon Helium Tc(g) UF(g) B(g) Hf(g) Tc2O7(g) UF2(g) BF3(g) Hg(g) TcC(g) UF3(g) Be(g) I2(g) TcO(g) UF4(g) Br2(g) K(g) TcS(g) UF5(g) C(g) Krypton Th(g) UF6(g) CH4(g) Li(g) Ti(g) UI(g) CO(g) Mg(g) TiBr4(g) UI2(g) CO2(g) Nitrogen TiCl(g) UI3(g) Ca(g) NH3(g) TiCl2(g) UI4(g) Cd(g) NO(g) TiCl3(g) UO(g) Chlorine NO2(g) TiCl4(g) UO2(g) CoCl2(g) NO3(g) TiF(g) UO2Cl2(g) CoCl3(g) N2O(g) TiF2(g) UO2F2(g) CoF2(g) N2O3(g) TiF3(g) UO3(g) CrCl4(g) N2O4(g) TiF4(g) UOF4(g) Cs(g) N2O5(g) TiO(g) WCl2(g) Cu(g) Na(g) U(g) WCl4(g) Fluorine Neon U2Cl10(g) WCl6(g) FeCl2(g) NiCl2(g) U2Cl8(g) WF(g) FeCl3(g) NiF2(g) U2F10(g) WF6(g) FeF2(g) O2(g) UBr(g) WO2Cl2(g) FeF3(g) Pb(g) UBr2(g) WOCl4(g) H2(g) Rb(g) UBr3(g) WOF4(g) H2O(g) Radon UBr4(g) Xenon H2O2(g) RuCl3(g) UBr5(g) Zn(g) H2S(g) RuO3(g) UCl(g) Zr(g) HBr(g) S2(g) UCl2(g) ZrF4(g) Pu(OH)4(aq) NpO2(CO3)3(5-) AmH2PO4++ ThOH+++ NpO2(CO3)2---AmNO3++
Appendix B: Minerals and Species Included in the Concentrated Systems Database
Th(OH)2++ NpO2CO3-Cm(CO3)+ Th(OH)3+ PuO2(CO3)3----Cm(CO3)2-Th(OH)4(aq) PuO2(CO3)2--Cm(CO3)3---Th2(OH)2(6+) PuO2CO3(aq) Cm(CO3)4(5-) Th4(OH)8(8+) UO2CO3(aq) Cm(OH)2+ Th4(OH)12++++ UO2(CO3)2--Cm(OH)++ Th6(OH)15(9+) UO2(CO3)3----Cm(SO4)2-Th(CO3)5(6-) (UO2)2CO3(OH)3-Cm(SO4)+ Th(SO4)2(aq) (UO2)11(CO3)6(OH)12--CmCl++ Th(SO4)3--(UO2)3(CO3)6(6-) CmCl2+
Th(SO4)4----(UO2)3O(OH)2(HCO3)+ NpOH+++ UOH+++ (UO2)2NpO2(CO3)6(6-) Np(OH)2++ U(OH)2++ (UO2)2(PuO2)(CO3)6(6-) Nd(CO3)+ U(OH)3+ UO2OH+ Nd(CO3)2-U(OH)4(aq) (UO2)2(OH)2++ Nd(CO3)3---NiCrO4(aq) (UO2)3(OH)4++ Nd(CO3)4(5-)
H2CrO4 ( There are no liquid compounds or elements included in the concentrated systems database.
